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AN   INEXPENSIVE   SUPERSONIC   WIND   TUNNEL 
FOR   HEAT-TRANSFER   MEASUREMENTS 

Part I - Apparatus, Data, and Results for a Laminar Bounday Layer 
Based on a Simple One-Dimensional Flow Model 

1 

By 

Joseph Kaye,    Joseph H. Keenan,    George A. Brown,    and Robert II. Shoulberg. 

SUMMARY 

Reliable experimental data, obtained at relatively low cost, are 
presented in the form of heat-transfer coefficients for air moving at 
supersonic speeds in a round tube.   These data are analyzed, interpreted, 
and compared with available data in the literature. 

I 

I 

The experimental local heat-transfer coefficients are for laminar, 
transitional, and turbulent boundary layers.   The data for a laminp.r 
boundary layer are given in this paper, and the remaining data will be 
given in a separate paper.   The experimental data for 17 runs are given 
here for Mach numbers at tube inlet of 2.8 and 3.0.   The range of values 
of diameter Reynolds number covered is from 20,000 to 100,000 for these 
laminar flow tests, whiie the length Reynolds number extends to about 
4,000,000.   The computed quantities are obtained on the basis of a simple 
one-dimensional flow model, but a subsequent paper will analyze the same 
data in greater detail on the basis of a two-dimensional flow model. 
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- cross-sectional area, 7rD^/4 
- heat-transfer area   ?rDAL 
- specific heat at constant pressure 
- specific heat at constant volume 
- discharge coefficient of nozzle 
- inside diameter of pipe 
- acceleration given to unit mass by unit force 
- flow per unit area, w/A 
- coefficient of heat transfer, q/A' (t     - t     ) 
- ratio of specific heats, c   /c 
- distance from end of curved contour of nor.zle 
- Mach number, V/   s/gTTKT 
- summation index, Eq. (8) 
- diameter Nusselt number, hD/Xm 

- length Nusselt number, hL/A. 
- static pressure 
- rate of heat transfer 
- recovery factor, (taw - tm)/(toi - t 
- perfect-gas constant 
- diameter Reynolds number, DG//jg 
- length Reynolds number, LG/jjg 
- Stanton number, h/c   G 
- temperature, deg F 
- temperature, deg F abs 
- velocity 
- mass rate of flow 
- density 
-- viscosity 
- thermal conductivity 

Superscript * refers to throat of i-ooiiic nozzle whei M = 1 

Subscripts: 

aw - adiabatic wall conditions 
j - station numbers 
m - mean stream conditions 
o - hypothetical entrance plane of the tube, where the boundary 

layer is of zero thickness 
of - downstream stagnation conditions 
oi - upstream stagnation conditions 
oj - local stagnation conditions at station j 
r - atmospheric conditions 
s - isentropic conditions 
w - wall conditions 
co - free stream conditions for flat-plate flow 
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INTRODUCTION 

A wind tunnel is usually considered to be a device in which models 
may be inserted and tested under controlled conditions.   Wind tunnels have 
been also used, however, to study basic phenomena in fluid mechanics, 
such as boundary-layer mechanics, turbulence, stability of the laminar 
boundary layer, interaction of shock waves and boundary layers, and, in 
more recent years, heat-transfer phenomena in supersonic flow.   Most 
supersonic wind tunnels which are large enough to insert models of reason- 
able size are expensive to build and to operate, and also expensive when 
used to measure: heat-transfer data for supersonic flow.   Supersonic flow 
established under controlled conditions in a small round tube, cne-half 
inch in diameter can be used to measure local heat-transfer coefficients. 
The corresponding apparatus, which is described herein, may be considered 
to be an example of an inexpensive supersonic wind tunnel, in that it is 
both relatively cheap to design and construct, and also, relatively low in 
operational costs. 

A recent survey (1)* has shown the great i.eed for reliable heat- 
Lransfer data for supersonic flow in view of the small amount of such data 
published during the years from 1948 to 1953.   For this reason a fairly 
detailed account of the results obtained in an investigation of heat-transfer 
coefficients for supersonic flow of air in a round tube is to be presented in 
a series -;£ papers.   The first paper, which is the present one, consists of 
a description of the two sets of apparatus used, the original data, and the 
calculated results for a laminar boundary layer based on a simple one- 
dirnensional flow model.   The second paper will present the calculated 
results for a laminar boundary layer based on a two-dimensional flow model 
for the entrance region of a tube.   The third paper will present the original 
data and the calculated results for a transitional and for a turbulent boundary 

The present investigation of heat-transfer coefficients for super- 
sonic flow of air in a round tube was started some seven years ago under 

§f- the sponsorship of the Office of Naval Research.   Preliminary data and 
results were obtained several years ago with the first apparatus, described 
herein as test combination C.   Similar results were not then available in 
the literature for comparison.   The possibility of systematic errors in 
the data and the lack of knowledge of the type of boundary layer which 

(existed in the supersonic flow of air in the tube were two main reasons 
for designing, building, and testing a new apparatus to get more reliable 
heat-transfer coefficients for supersonic flow. 

- 
} 

•Numbers in parentheses refer to the Bibliography at the and of the prper. 

layer based on a simple one-dimensional flow model. 
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In the last few years the results obtained for supersonic flow of 
air in a round tube, with and without heat transfer to the air stream, 
have been placed on a firm foundation as indicated by the follcwing 
o-tri rlnnr1** • 

1. The experimental data obtained by different teams of students 
working with different test combinations, for both adiabaiic and diabatic 
flow, have shown the absence of significant systematic errors. 

2. The nature of the be undary layer present in the tube flow has 
been conclusively demonstrated by means of accurately measured velocity 
profiles (2,3). 

3. The accurately measured velocity profiles for supersonic flow in 
the tube have also demonstrated the basic soundness of the two-dimensional 
flow model used to interpret the data. 

4. Theoretical solutions (4) have been obtained for the system of 
partial differential equations of energy, momentum, and continuity for the 
case of supersonic flow of air in a tube in the entrance region.    These solu- 
tions describe the behaviour of supersonic flow in a tube with a laminar 
boundary layer developing from the entrance plane of the tube. 

METHODS   OF   TESTING 

The experimental program described here has consisted of two 
parts.   In the first part, a well-insulated round tube was used to measure 
values of the local adiabatic wall temperature and local static pressure 
of a supersonic stream of air.   The results of these tests, with a compl^tn 
description of the apparatus, are given in references (5) and (6).   In order 
to minimize the amount of repetition, the reader is referred to these two 
papers for many details not given in this paper.   In the second part of the 
program, two different test combinations were used in which steam was 
condensed outside a round brass tube in order to measure the local co- 
efficient of heat transfer to a supersonic stream of air flowing inside the 
tube. 

The general preparation of the air flow and the method of drying 
the air stream are given in detail in reference (5).   These are the same 
fcr both parts of the program.   The schematic layout of the entire flow 
system is shown in Fig, 1.    The purpose of the major changes made for the 
tests with diabatic flow was to insure that almost saturated or slightly 
superheated steam entered the outer steam chest of the apparatus and to 
minimize the heat losses from the apparatus to the surroundings. 
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A major difference between testa for adiabatic and diabatic flow 
was the length of time required to bring the large mass of heat-transfer 
apparatus up to a fixed temperature corresponding to that of the condensing 
steam.   This transient heating process was carefully observed and recorded 
in the diabatic tests until •? steady-state condition was obtained.   Heat- 
transfer measurements were made only for the steady state.   During the 
large time interval required for both the transient process and the meas- 
ure-rents, the conditions in the steam main varied only slowly.   Control 
devices were found necessary to superheat, or desuperheai the steam only 
slightly in order to maintain constant the state of the steam fed to the steam 
chest of the apparatus.   They are indicaisd in the scnematic layout of 
Fig. 1.   The measured superheat was found to be about 0.5° F on the 
average, 

EXPERIMENTAL   APPARATUS 

Some salient features of the two test combinations of heat-transfer 
apparatus are described in Table 1.   The length-diameter ratio in Table 1 
is based on the distance from the end of the curved contour of the super- 
sonic nozzle to the exit plane of the test section. 

TABLE    1 

TEST   COMBINATIONS   OF   HEAT-TRANSFER   APPARATUS 

SYMBOL NOZZLE TEST   SECTION L/D M 
o 

C Brass Brass 31.8 3.0 
D Stainless steel Brass 49.8 2.8 

w 

The nozzles used to produce supersonic flow in test combinations 
C  and D were different in design and in final contour.   Details of design 
and of constriction of these two nozzles are shown in reference (5).   For 
purposes of illustration, the rough dimensions and shapes of these two 
nozzles are shown in Fig. 2.   In the brass nozzle of test combination C,  no 
means of measuring the temperature gradient along the axial length was 

1 available, whereas two thermocouples were installed in the stainless-steel 
nozzle to determine the axial temperature gradients for test combination D. 

Design Considerations for Test Sections 

I 

The first test section, used in test combination  C  was designed to 
produce a small thermal resistance for radial heat flow through the tube 
wall in comparison with the thermal resistance being measured, namely; 

that from the wall to the air stream in the tube.   Brass was therefore 

S 
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selected for the tube material.   The temperature of the tube was maintained 
constant over its entire length by surrounding it with condensing steam. 

The pvnprience gained after operation of test combination C for 
about two years resulted in the following additional design requirements 
for test combination  D; 

1. The joint between the nozzle and collar, and that between the 
collar and test section should be made as nearly perfect as possible. A 
misfit in excess of 0.0002 in. in the diameter uf 0.5 in. is undesirable. 

2. The axial heat flow from the hot test section to the cooler nozzlf. 
should be reduced to a minimum.   This objective was achieved in test sec- 
tion  D by use of a nozzle and a collar made of stainless steel which has a 
considerably lower thermal conductivity than that of brass 

3. The no-load or blank-run condensation rate, which is determined 
by flow of steam into the steam chest for zero flow of air in the test section 
and which is an indication of the total amount of undesired heat flow from 
the steam to the surroundings, should be minimized, especially when a 
laminar boundary layer is established in the test section. 

4. The state of the steam entering the steam chest must be care- 
fully controlled to be slightly superheated, and the steam flow distribution 
into and within the steam chest must be as nearly uniform as practical. 

Test Apparatus 

In order to minimize repetition, the general common features of 
test combinations  C and ">  will be described first.   The dried air stream 
leaves the upstream stagnation tank, passes through the supersonic ^jzzle 
into the half-inch test weccion of brass, and then passes out through the 
downstream stagnation rank into the ejector to the rtmosph.r•••;.   Slcum 
drawn from the supply main passes through a trap, a pressure regulator, 
a combination of a desuperheater and a superheater with electrical heat 
input, enters the steam chest through the inlet pipp, and is distributed 
around the test section.   The steam is prevented from flowing directly to 
the outside of the test section by means of a brass semicylindrical 
umbrella which covers the entire length of the tube.   This umbrella serves 
to prevent any condensate other than that formed on the tube from entering 
the compartments around the test section.   It serves also as a radiation 
shield, 

The outside of the test section is partly surrounded by a. serni- 
c>^.indrical brass trough, open at the top.    This trough is subdivided into 
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compartments by means of thin brae? ;  irtiticns set perpendicular to the 
tube axis at definite intervals.   The steam in contact with the tube wail 
in a. given compartment condenses at a rate proportional to the rate of 
heat tranr'er to the air flowing inside the tube.   This condensate is caught 
in the trough and drains from the compartment through a short piece of 
neoprene tubing into a steam-jacketed, calibrated, and graduated glass 
collecting tube.   The glass collecting tubes are shielded from the atmos- 
phere by highly reflective aluminum foil. 

The entire test section, together with nozzle and stagnation tanks, 
is covered with a large thickness of insulating felt and then with aluminum 
foil to reduce extraneous heat flows.   The total thermal capacity of this 
insulation, the test section, and the surrounding steam chest is quite large, 
so that a large amount of steam condenses in the transient warm-up process 
before the steady-state measurements of heat transfer are made.   Drains 
for removing the condensate and atmospheric vents to speed up preliminary 
heating were provided in both test combinations. 

The method of construction of the test section was almost tr , same 
for the two test combinations.   An axial hole was drilled in -- oClid brass 
rod and then the numerous holes for pressure taps were drilled through the 
wall of the tube.   The inside surface of the tube was prepared by successive 
polishing operations alternating with successive cleanings of the pressure- 
tap holes, until a high polish was present on the inside surface with no 
detectable burrs at the pressure taps.   The angular position of the pressure- 
tap holes was rotated from the entrance of the tube to the exit. 

The steam, chest for tcot combination C  was almost square in cross 
section and was made from welded plates, except for two sides..   The cnesi 
for test combination D was made from a circular casting, with two halves 
joined by bolts at a gasket, in order to be able to increase the working 
pressure of the steam in the chest. 

The measurements made for both test combinations C and D included 
the upstream stagnation temperature and pressure, the tube-wall tempera- 
ture along its entire length, the local static pressure of the air flow, the 
local rate of collection of condensate from each compartment, the down- 
stream stagnation temperature and pressure, the no-load condensate rate 
for zero air flow, and the pressure and temperature of the steam at several 
locations in the steam jacket. 

Test Combination C 
. 

7 
The details of test combination C  are shown in Fig. 3.   Photographs 

of this apparatus, before and after assembly, are shown in Figs. 4 and 5, 
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respectively.   The compartments of the condensate-collecting trough are 
clearly visible in Fig. 4.   The orotecting umbrella is clearly visible in 
Fig. 5, which also shows the pressure connections, the condensate tubing, 
and steam-jacketed glass collecting tribes.   The upstream stagnation tank 
is to the left in Fig. 5.   The important dimensions of test combination  C 
are summarized in Appendix A. 

When test combination C wa3 first assembled, a hard rubber collar 
was used between the nozzle and the test section.   The first twelve runs 
(K-l through K-12) yielded pressure distributions which were not as smooth 
as those obtained for the measurements with adiabatic flow.   The nozzle and 
collar were taken apart and it was found that they were misaligned by about 
0.001 in.   A new collar was prepared and the joint between nozzle and collar 
and that between collar and test section were carefully polished and aligned. 
The remaining heat-transfer runs made with test combination  C  were found 
to yield smooth pressure distributions, indicating the achievement of smooth 
flow at the entrance of the test section. 

Test Combination D 

The details of test combination D are shown in Fig. 6.   Photographs 
of this apparatus, before and after assembly, are shown in Figs. 7 and 8, 
respectively.   Fig. 7 shows clearly the stainless-steel supersonic nozzle, 
the collar, the test section with the surrounding compartments, the large 
castings for the steam chest, and, finally, the downstream ?*   mation tank. 
Fig. 8 shows the connections for the pressure leads, for tht     iermocouples 
in the test section, and for the condensate collecting tubes. 

Test combination D differed from  C mainly in the use of a longer 
test section.   The length-diameter ratio for  D  is 49.8 compared to 31.8  for 
C.   This longer length of D was used purposely to check the prediction, 
based on the results of adiabatic flow interpreted by means of the two- 
dimensional flow model, that a much longer laminar boundary layer could 
be maintained, even with heat transfer to the air stream, than was used in 
test combination C.   The results given here for test combination D confirm 
this prediction quite well. 

Test combination D has also been used to measure the velocity 
profiles for supersonic flow in the test section, with and without heat trans- 
fer to the air stream.   The preliminary results obtained from velocity 
profile measurements, discussed in references (2) and (3), confirm that 
either a laminar boundary layer can exist for the entire tube length, or 
that transition of this boundary layer to a turbulent one may occur before 
tube exit.   Thus the interpretation of all previous,and present data o'uLaired 
with this type of apparatus is placed on a secure foundation. 

i 
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EXPERIMENTAL   RESULTS 

Appendix A contains the measurements for flow with heat transfer 
obtained with test combinations  C and  D,  together with the calculated 
results based on a simple one-dimensional flow model.   In order to keep 
the size of this paper within reason, only those data which correspond 
mainly to a laminar boundary layer existing over most of the tube length 
are given here; the remaining data, corresponding to a boundary layer in 
transition and to a turbulent boundary layer will be given in similar de- 
tail in a later paper of this series.   Appendix  B contains the analysis for 
the simple one-dimensional flow model, the detailed method of computation, 
and a sample calculation. 

The number of runs made with test combinations C  and D,  the 
ranges of Reynolds numbers covered   and the prevailing type of boundary 
layer present in the tube, are given in Table 2. 

TABLE   2 

SUMMARY   OF   HEAT-TRANSFER   TESTS 

TEST TYPE   OF        NO.    OF Re Re 
COMBINATION       BOUNDARY RUNS 

LAYER MIN. MAX. MAX. 

C Laminar 4 52,000        96,000        2,270,000 

e 
C \ ^UrbU!fnt    . 19 43,00G      380,000        8,560,000 

L Transitional 

D Laminar 13 22,000        92,000        3,590,000 

Turbulent 
Transitional E {^-^"L, 6 20,000      492,000      12,000,000 

The diameter Reynolds number is based on the tube diameter and on the mean 
stream properties measured or computed at the first station —for  C the 
first station is 1.66 in., from the exit plane of the nozzle whereas for D it 
is 1.19 in. from the exit plane of the nozzle.   Hence the inlet diameter 
Reynolds numbers for  C do not correspond exactly to those for  D.    The 
length Reynolds number is baser* on the distance from the end of the curved 
contour of each nozzle and on the mean stream properties at that distance. 
Hence the values of ReL for C  and D are less arbitrary than those for 
Re£) and more nearly comparable, especially at a considerable distance 
downstream from the entrance plane of the tube. 

• -... 



Laminar Boundary Layer 

The data presented here for a laminar boundary layer in a round 
tube were first interpreted on the basis of a simple one-dimenaional flow 
model.   This model ignores completely the growth of the laminar boundary 
layer in the tube and also the fact that this type of supersonic flow is mainly 
one of "entrance flow" with insufficient flow length to produce a "fully- 
developed" flow.   Moreover, previous work (5) on adiabatic supersonic flow 
in a tube has shown that this model is inadquate for calculation of friction 
coefficients and recovery factors for a laminar boundary layer.   In the 
present paper this simple model is still used since it permits one to get 
a quick reduction of the original data to useful form, but the computed 
quantities arc interpreted, related, and compared with essentially the cor- 
rect phenomenological picture of the growth of a laminar boundary layer 
either on a flat plate or in a tube. 

For flow over a flat plate, a laminar boundary layer begins to grow 
from the leading edge until it undergoes a transition to become a turbulent 
boundary layer.   The transition process occurs in a finite length of flow. 
The turbulent boundary layer continues to grow in thickness in the direction 
of flow.   This simple picture of plate flow can be used with precision to 
develop a two-dimensional flow model for supersonic flow in a tube (6). 
The details of this two-dimensional flow model for tube flow wit! heat 
transfer will be given in a later publication.   The results obtained with 
iiiis more exact model justify the method of comparison of tube flow with 
plate flow which is used in the present paper. 

The results computed on the basis of the one-dimensional flow model 
will also be compared with the theoretical results for tube flow obtained 
recently in this program (7).   These results were obtained by investigation 
of the basic partial-differential equations of energy, momentum, and 
continuity for a developing laminar boundary layer adjacent to an isentropic 
core in the central portion of the tube.   After transformations, these equa- 
tions were solved with the aid of the M..I.T. Differential Analyzer.   The 
solutions were obtained on the basis of the simplifying assumption of con- 
stant fluid viscosity and thermal conductivity.   The corresponding cal- 
culated results will be referred to on the charts to follow as "tube flow, 

j constant ,u  and X." 

The experimental results for tube flow with a laminar boundary layer, 
covering the range of inlet diameter Reynolds number from about 20,000 to 
100,000, are presented in six charts, Figs. 9 to 14.   Each chart shows the 
measured values of the modified pressure ratio, the wall temperature of 
the brass test section, the heat flux, and finally the computed values of the 
Stanton numbei .   Each of these quantities is plotted against the length 
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Reynolds number.   Ail the data for predominantly laminar boundary layers 
which were obtained with test combinations  C  and D are given on these 
six charts; the remaining data for a predominantly transitional or turbulent 
boundary layer are given in a later paper and contain only a small amount 
of information on the laminar boundary layer.   Six charts were found to be 
necessary to present the data in sufficient detail because they were found 
to be quite sensitive to small changes in values of the inlet diameter 

The ratio of measured local static pressure to stagnation pressure 
is given in Figs. S io 14 in terms of a diinensionless modified pressure 
ratio mainly to place results from test combinations  C and D and runs 
made with different stagnation temperatures on a comparable basis.    The 
local wall temperature could have been presented in terms of the ratio of 
local wall temperature to stagnation temperature but the actual variations 
are too small to warrant use of this ratio.   The local heat flux is, in 
reality, an average value of heat flux over the short length of one of the 
condensate collecting compartments. 

Fig. 9 presents results for the lowest value of the diameter Reynolds 
number atiaii .^d in these heat-transfer tests, namely, 22,000.   Both runs 
shown in Fjg. 9 were made with test combination D ixnd illustrate the degree 
of reproducibility of the data for static pressure, wall temperature, and 
heat flux along the length of the test section.   The pressure fluctuations 
shown in Fig. 9 are not uncommon in this type of experiment.   The wall 
temperature is remarkably constant along the length, with an average de- 
viation from a mean value of less than a fraction of one degree.   The heat 
flux appears to be smooth in the entrance portion of the tube which cor- 
responds to the laminar boundary layer, and then appears to fluctuate about 
a mean value of 235 Btu/(hr ft2). 

i- 
Fig. 9 compares the computed Stanton number for tube flow with the 

values predicted for plate flow and for tube flow.   The predicted Stanton 
number for plate flow with zero pressure gradient is taken from Van Driest 
(8) for a laminar boundary layer with variable viscosity and thermal con- 
ductivity; the comparison is made for a free-stream Mach number    * 2.8 

j and a ratio of wall temperature to free-stream temperature of 3.0=   The 
s predicted Stanton number for tube flow is taken from the theoretical soiu- 
Ption given by Toong (7) for a laminar boundary layer with constant viscosity 

and thermal conductivity.   This solution shows that the Stanton number de- 
pends both on the length Reynolds number and the diameter Reynolds number 
so that two lines are shown to cover the range of diameter Reynolds number 
employed in the tests.   For the entrance region of the tube, where a 
laminar boundary layer is forming, the experimental tube results are in 
good agreement with the theoretical values for tube flow.   The experimental 

-• 
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data lie below the theoretical values for plate flow   probably because of 
the presence of a large adverse pressure gradient in the tube flow. 

Fig. 10 shows the results for a diameter Reynolds number of 32,000 for 
test combination D.   The pressure data are smoother and more reproducible 
than those in Fig. 9, and the heat-fiux data cover a much larger range of 
values than those in Fig. 9.   The heat-flux data and the Stanton numbers hoth 
indicate a sharp rise in value near the exit of the test section; this sharp 
rise is one of the first signs noted of transition from a laminar to a turbulent 
boundary layer in the tube.   AF in the previous case, where a laminar boundary 
.'ayer is present, the values of the Stanton number compart well with the 
theoretical predictions for tube flow but lie below those for plate flow with 
zero pressure gradient. 

Fig. 11 shows the results for 3 runs with test combination D and 
one run for test combination C.   The sensitivity of the data to small changes 
in diameter Reynolds number is evident in Fig. 11, where the local heat- 
flux values for Runs B-14 and K-20 are considerably larger than those icr 
Runs B-2 and B-4 even though the diameter Reynolds number is increased 
only from 45,000 to 51,000.   The modified pressure ratio for Run K-20 is 
slightly smaller than those for the three runs with test combination D, but 
the same slow rise in pressure with a maximum value attained near the 
downstream end of the tube is evident is ail four runs.   Careful study was 
made of the conditions at this value of the diameter Reynolds number be- 
cause preliminary data for adiabatic flow had indicated that for this value 
the laminar boundary layer occupied most of the length of the test section. 
Substantiation of these preliminary data is seen in runs B-2 and B-4 where 
a laminax- boundary layer was found to exist up to station 17, with a value 
of length-diameter ratio of 45.3.   The agreement of the measured Stanton 
numbers for tube flow with the theoretical values for plate flow and tube 
flow is excellent on the basis of the simple one-dimensional flow modei.. 
Similar excellent agreement was found in reference (5) for the local apparent 
\ ' .•* • *>r coefficients of adiabatic tube flow at a diameter Reynolds number 
of       000.   Fig. 11 also indicates that the start of ihe transition from a 
laminar to a turbulent boundary layer occurs at a value of the length 
Reynolds number of 900,000 for Run K-20 and about 1,300,000 for the other 
three runs.   These values are in good agreement with those for transition 
on a flat plate. 

iln Fig. 9 the value of the Stanton number begins to level off at a 
length Reynolds number of 200,000, and fluctuations about a constant value 
extend to a Reynolds number of b00,000.   In Fig. 10 a similar behavior is 
noted between Reynolds numbers of 300,000 and 900,000, and in Fig. 11 
between 500,000 and 1,000,000.   A possible explanation of this levelling off 
and fluctuation of values of the Stanton number could be the phenomenon of 
separation of the laminar boundary layer under the influence of an adverse 
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pressure gradient which is present over a long length of tube flow.   The 
fluctuations could be partially explained in terms of reattachment of the 
separated laminar boundary layer.    Further work is needed to lest this 
explanation. 

Fig.  12 presents the data for a diameter Reynolds number of about 
70,000 for 2 runs with test combination  D and one run for test combination 
C.   The excellent agreement of the values of the modified pressure ratio 
and of the heat flux for the laminar boundary layer for the two completely 
different test combination?) indicates the absence of appreciable systematic 
errors.   The second striking feature of the data in Fig. 12 is the steep rise ir 
the heat flux, and likewise in the Stanton number, when the laminar boundary 
layer undergoes a transition to a turbulent one.   The older and shorter test 
combination C  was not long enough to show this feature.   The steep rise in 
heat flux ooserved here is an excellent indicator of transition.    The static 
pressure, and the wall temperature'on the other hand, changed but slightly 
over the entire eight-diameters of length of this transition process.   The 
values of the measured Stanton numbers in Fig. 12 are in excellent agree- 
ment with those predicted for plate flow, and are larger than those for tube 
flow with a laminar boundary layer.   The better agreement with predicted 
values for plate flow may also be due to the smaller pressure gradient 
present in the data in Fig. 12 than in Figs. 9, 10, and 11. 

Fig. 13 shows the data for a diameter Reynolds number of about 
80,000 for Runs B-l and B-9.   The results are similar to those noted for 
Fig. 12, especially with respect to the steep slope of the curve for heat 
flux during transition.   It should be noted that as the vaiue of the diameter 
Reynolds number is increased irom Fig. 9 on to Fig. 14, the value of the 
length Reynolds number at transition, computed on the basis of the one- 
dimensional flow model gradually increased from about 900,000 to about 
2,200,000.   A stellar shift was found in the transition for adiabatic tube 
flow.   The agreement between measured values of the Stanton number 
and those predicted for plate flow is excellent for this type of measurement 
in view of published data. 

i Fig. 14 shows the data for Runs B  7, B-16, K-i9, and K-23 for the 
last and largest value of the diameter Reynolds num  er, 90,000, which was 
chosen to demonstrate the data for a predominantly laminar boundary layer. 
The agreement between the data for the two different test combinations is 
again excellent.   The steep slopes of the curves for heat flux and for Stanton 
number are again emphasized in the data taken with the longer test combina- 
tion D.   Figs. 13 and 14 indicate smaller values of the adverse pressure 
gradient than do the preceding figures.   For these four runs, the agreement 
between measured Stanton numbers and plate-flow values for zero pressure 
gradient is excellent. 

t 
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One-Dimensional Flow Model 

Previous work (5, 6) has shewn that the one-dimensional flow model.. 
i-DFM, used for the present heat-transfer calculations is not fully adequate 
for calculation or understanding of adiabatic supersonic flow in the entrance 
region of a tube.   The experimental results given in Figs. 9 to 14,  additional 
data on measured velocity profiles for supersonic tube flow (2, 3), and, 
finally, unpublished data on measured temperature profiles for Supersonic 
tube flow all show that the simple 1-DFM is not fully adequate to explain 
the heat-transfer data for supersonic tube flow. 

In piai:c of using tube-type flow, as the 1-DFM would suggest, the 
data have been treated here as though the laminar boundary layer develops 
in the tube in the same way as a laminar boundary layer develops on a flat 
plate.   A somewhat more complicated flow model, the two-dimensional flow 
model, 2-DFM, will be used in a subsequent paper to give support to this 
phenomenclogical explanation of supersonic tube flow in the entrance region. 
In addition, this 2-DFM applied to heat-transfer data for tube flow will 
indicate the means of transforming the tube data for quantitative comparison with 
heat-transfer data for plate flow.   Finally this 2-DFM will be used to show the 
means of combining all the data for a laminar boundary layer in tub*" flow so 
as to reduce the scattering inherent in the measurement of local values of the 
heat flux over short increments of tube length. 

CONCLUSIONS 

Reliable data on heat-transfer coefficients to air flowing at super- 
sonic velocities in a round tube are presented here for the case of a lamina" 
boundary layer.   The agreement found between measurements made with 
completely independent test combinations by different groups of students pro- 
vides assurance that no significant systematic errors exist. 

The data for tube flow are computed on the basis of a simple one- 
dimensional flow model.   Since ';his model is not fully adequate to explain or 
interpret the heat-transfer data for supersonic tube flow, those data are inter- 
preted in terms of a laminar boundary layer which begins to grow at tube 
entrance.   The calculated values are compared with the theoretical predictions 
for a laminar boundary layer developing over a flat plate with zero pressure 
gradient and with the theoretical predictions for tube flow based on constant 
viscosity and constant thermal conductivity. 

r 

The measured Stanton numbers agree best with the theoretical values 
for tube flow and deviate most from the values for plate flow for the lowest 
value of the diameter Reynolds number attained here, namely, 22,000.   On the 
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other Siand, the reverse is true at the highest value of the diameter Reynolds 
number, namely, 90,000.   The agreement between measured Stanton numbers 
and flat-plate values improves as the adverse pressure gradient in the tube 
decreases, thai is, as the value of the diameter Reynolds number increases 
from 20,000 to 60,000; the agreement at the highest vi.lues of the diameter 
Reynolds number is excellent for this type of measurement. 

The transition from a laminar to a turbulent boundary layer for 
supersonic flow in a tube, with heat transfer is most easily detectable by 
the sudden sharp rise of the value of heat flux at the transition region, even 
though hardly any change in static pressure is evident.   The numerical value 
of the length Reynolds number at inception of transition is in excellent agree- 
ment with similar published data for a laminar boundary layer on a flat plate. 

The data indicate that a .'airly great length of supersonic flow can be 
established in a tube with a laminar boundary layer over most of this length. 
Hence this type of apparatus represents an inexpensive supersonic wind 
tunnel for adiabatic and diabatic flow. 

The one-dimensional flow model was used in this paper to reduce the 
experimental values to computed quantities in a simple and quick way.    The 
computed quantities, however, are interpreted, related, and compared with 
essentially the correct phenomenological picture of the growth of a laminar 
boundary layer in a tube.   The same original data will be treated in a later 
paper by a more detailed analysis based on a two-dimensional flow model. 
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APPENDIX   A 

MEASUREMENTS   AND   CALCULATED   RESULTS 

This appendix contains the detailed dimensions of the two test com- 
binations,  the original measurements for diabatic flow, and the calculated 
results based on the simple one-dimensional flow model.   The values of the 
discharge coefficients for the supersonic nozzles and the properties of air 
are given in reference (5). 

Details of Nozzles and Test Sections 

The values of the nozzle throat diameter D*, and the test section 
diameter   D,  are given in Table 3 for the two test combinations, 

TABLE    3 

DIAMETERS   OF   NOZZLES   AND   TEST   SECTIONS 

TEST   COMBINATION      NOZZLE      TEST   SECTION      D* (in.)       D (in.) 

C Brass Brass 0,2416 0.502 
Stainl 
Steel 
Stainless 

D „.     , Brass 0.2685 0.501! 

The length-diameter ratios of the two test sections are given in 
Table 4.   The length is the distance from the end of the curved contour 
in the supersonic nozzle to the location of the pressure tap of the station 
in auestion. 

The value of the local heat-transfer area in any collecting compart- 
ment is found by multiplying its length by the inner circumference of the 
test section.    For test combination  C  the length of each collecting compart- 
ment for stations 1 through 14 is 1 in., but for the first collecting compart- 
ment is 0.656 in. (see Fig. 3).   In test combination  D the length of the 
compartments for stations 3 and 18 is 0.75 in., for stations 4 through 9 
is 1.00 in., and for stations 10 through 17 is 2.CO in.   (see Fig. 6). 

; 
Data and Calculated Results 

Th? original data and calculated results for seventeen runs corres- 
ponding to flow with a laminar boundary layer are summarized in Table 5. 
Thirteen runs were made with combination  D and four with combination C. 
The data include measured values of the stagnation temperature, stagnation 
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pressure, local wall temperature, local static pressure, and local gross 
and local no load heat-transfer rates. The calculated results are based 
on the simple one-dimensional flow model. 

Due to experimental difficulties during certain runs, it was occasion- 
ally necessary to evaluate certain quantities, such as wall temperature, 
wall pressure, local heat-transfer rate, by linear interpolation or extra- 
polation of the remaining data.   Such quantities are placed in parentheses 
in Table 5. 

The no-load heat-transfer rates were not determined after every run. 
For those runs where such data were available, they were averaged and the 
average values were used also for the runs for which such measurements 
were omitted. 

Inspection of Table 5 shows that heat-transfer parameters are 
omitted for test combination  D at stations  3 and 18.   Actually, the net heat- 
transfer rate measured at station 3 involves the additional heat transfer to 
the air stream which occurs in the nozzle, collar, and a 0.50-inch length 
of test section upstream of station 3.   Similarly at station 18 the net heat- 
transfer rate involves additional heat transfer to the air stream in a 0.50- 
inuli length of test section downstream of station 18 and through the down- 
stream boss and end plate to the air in the downstream stagnation tank. 
The data at these two stations were omitted since they cannot be corrected 
for tnese additional heat transfers.    The analytical results of Chapman and 
Rubesin (9), together with measured temperature distributions in the super- 
sonic nozzle, were used to check the measured heat-transfer rates at station 
3.   The agreement was within the experimental error of the measured heat- 
trarisfer rates. 

ft 
•fa. 

In test combination  C,  the condensate data at the first compartment, 
q0,   were not recorded.    The amount of heat transfer to the air stream up- 
stream of station 1 was estimated by linear extrapolation of the data from 
stations i and 2. 
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12 0.9709 212.73 kko 3» .2390 1.86 -5QO0 !«i .6.0 3.15 13.2 336 2.32 
13 1.0170 212.72 393 16 .2503 1.00 .6066 .616 1/3.1 2.93 2.63 
Ik 1.007k 212.62 kit kc .2*70 1.81 .6032 .619 20.7 2-93 12.0 ko2 2.62 
15 1.007k 212.03 -03 36 .?k77 1.81 .6030 .610 23.1 2.88 U.O kk3 2.58 
16 0.9689 212.93 326 131 .2381 1.67 .589k .630 26.1 5.k7 23.0 950 k.90 
17 .9170 212.38 1935 153 .2250 1.9k -5700 .6k6 29.3 Ik. 28 61.7 2797 12.78 
IV ,tx-.'f ^212.001 7760 6!6 .?2oC 1.97 .5633 .650 31.2 
of .60ok 135.28 

.- 
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TABUr 5 • contlmiBd 

V    "ol 

(Ito0)        (>t) 

XlO   ' XlO 

T.Lu 

h.-'W 

itun Ho.  B-2 

jeptranber 3.   !?!>- 

t    - Fl2.«i °V 
r 

p    -  \U . liCU ps '.a 

o     - 0.959 

et 7.795 loy.y 
1 o.*?*9 
£ ^I/:T 

3 .*277 210.5* 1197 1059 0.1760 
It .*6** 211.70 1002 3*0 .1916 
5 •SOP:- 712.07 600 97 .207* 
6 -5*13 712.7: 7"5 2*3 . 22:51 
- .5702 713.03 U>1 *3 .23*9 
•;' •t>125 712.19 jiy 59 .?5?7 
9 .0*77 212.70 37* % .266* 

10 .6056 212.96 303 ?9 .2822 
n •W si: .m 33; 30 .2930 
1.7 • ty>~ 212.C3 31.9 3* .302* 
13 • 7915 212.06 290 L6 .3251 
14 .767J. 212.69 299 *0 .315* 
15 .7722 Zi2.9u 30. 3- .3161) 
lo . m- 213.06 411 131 .3206 
17 .7337 7X2.05 *<>9 153 .3007 
1." (.7007) (212.70)  323P 616 .2260 
of 1.5225 136.33 

2.TO 0.*<T07 
2.17 .515* 
..OS .»;*2? 
1.95 .5672 
1.00 .501.9 
1.79 .0093 
1.72 .C2K> 
1.65 .6*7* 

.6706 
;.*.n 69** 
1.52 .62*5 
1.51 .606*) 
1.50 .67,99 
1.57 

'.ted 1.63 

O.*50 1.06 
.*20 1.92 5.01 2*.2 IOC 7.*0 
.1+09 2.65 3.79 17.* 113 5.67 
.393 3.33 3.50 15.* 130 5.23 
.302- *.00 3.02 12.9 135 *.52 
.369 *.6o 2.51 10.3 120 3-75 
.360 5.19 2.*3 9.67 1*0 3.63 
.350 6.11 2.26 8.72 152 3.37 
.3** 7.36 2.36 O.o? 10: 3.53 
.339 0.62 2.** 9.11 731 3.65 
.330 9.70 2 1* 7-71 22-| 3.19 
.333 11.1 2.03 7.*1 2*7 3.03 
•332 12.* 2.09 7.62 2O5 3-13 
.330 13.7 2.21 O.OO 331 3.31 
.330 15 * 2.67 9.92 Uso 3.99 
.3*5 16.6 

.iepteafccr k,   J95? 

t    - 02.0 °V r 

r, =. il.j-j -i——,- 
sec ft 

ir.^9       1x1.66 

^5637 
.•7 ?!?,?/. ff? ! ^* 2.1£1° 2>2 n ^o-i n 60. ]   Ss 
.oii" 212.0* t2>-7 3*0 .1720 7.33 ."795 .660 3.00 6.S6 35.'' 159 i.99 
.6>io6 213.1? 709 % ,HYm 2.:* .*o** .6*9 *.21 5.33 26.7 173 5.v.3 
.tao7 213.30 "122 2*3 .193* 7.15 .51"? .622 5.77 *.*o 21 .U 170 ^..'!0 
.717c 213. :••• r-.,. 50 .201* 2.10 • 5323 .COO ...36 3.90 18.2 190 3.90 
.731' 213.27 5 CO 62 .2051 2.07 • 5305 .601 7.*9 3.50 16.1 201 3.57 
• 7753 "13.09 *<")* 60 .2175 l.» .55»3 • 502 r,.*i 3.:* l*-5 209 3.32 
."li": 213 • 37 *vij 09 .2309 1.71 . Vffip .56, 9.0* 3.05 13.1 22.f 

3.11 
.0715 213.11 li.vy 29 .2**2 1.83 .5932 .5*11 11.7 7.92 12.1 rCo 2.9O 

3"i V • 2533 1.79 .6106 .5j!' 1J.7 7.C7 10.0 275 2.72 
.9* '• -13.1* J-- 22 2-   5 1.72 .o;T)' .SLY. 15.5 2.69 10.7 31* 2.7* 
.y* •-• 213.2" /•;•! 

V. .77.5* 1-73 .i262 -^"' T-    '. In P 3r.Q 2.7f, 
.9!> 213.23 383 3o , *;<v. 1.7k .6230 .520 19.7 7.73 10.0 *05 2.70 
.93:9 213.13 572 130 .?f>7* 1.7» .ol^-'O •XI ..... J.yc ij.V Vi'j J*>" 
.0715 2*3-01 115c 198 .2*3* 1.8* .597" .5*6 .... -T 7.65 31.6 1*32 7.79 

(.81525 (212.55)  6163 9?2 .230.' 1.91 -5775 •,59 26.9 
•TUOo 135.16 

!  - 

thai ::o. 3-1* 

.lepteaber "*,   1952 

t     -  02.0 °'f 
r 

?       -    l1* r75^   pn'.R 

0.927 

nor   rt" 

;. .*226 
3 .*2*5 211'. 7" 51'* go* 0.1720 2.32 o.*flll 
* .**lt'. 212.55 1036 3*0 .1796 2.26 •*930 
5 .5092 713.19 57U 76 .2069 2.06 .5*1* 
[ .53"o 213.79 660 2*3 .21O5 1.90 .5600 
7 .5765 213.35 • 37 50 23*0 1.09 .5030 

.5C0* 212.03 39* ,,2 .235: 1.68 -57.57 

..-,3*:: 713.-- ••:3 •'n -°573 1.77 .6156 
b .677^ •"IS-i* 307 119 .2720 1.69 .6360 
1 .6920 203.09 331 29 .200* 1.66 .6*53 
2 .72*7 .713.1* 332 30 .2935 1.60 .6606 
3 .7679 212.5O 27S 22 .3112 1.53 .6001 
1. •7593 213.25 7O3 ** .3072 1.55 .6750 
5 .7776 215.27 250 36 .31*8 1.52 .60*0 

16 .76.79 712.95 300 130 .3100 1.5* .6797 
,7 .7*97 213.13 *6o 190 .3020 1.57 .6711 
LO 
if 

(.7365) 
.5300 

(213.251 
137.21 

J22C 992 .2972 1.59 .66*0 

C.W3 1.10 
.H51 2.02 5.23 20.3 Lit. *.'.W 
."•16 2.69 3.69 17.0 110 5.** 
iim l.*2 3.1* l*.o 111 l.'3 

oi»y *.'7 2.7/,- 12.3 120 
.3CC *.73 2.53 10.8 13* 3.73 
• -1 ! • .. ,•. 7.31 r\ .. 175 ? \n 
• 361 b.2y 2.35 ;.2* 161 3.*7 
•356 7.63 7.32 •7.9S 192 3.^2 
.3*9 0.07 2.2-1 ".-57 718 3.3* 
.3*0 10.0 2.01 7.39 217 2.96 
.3*2 IX.k 1.76 6.7.7 230 2.7* 
• 337. 12.6 i.67 C.^J 22. •••••5 
.3*0 1*.0 2.03 7.V. 30O 2-99 
• 3*3 15-5 2.06 7.66 3*7 3.0* 
• 3*5 16.6 

.tun Ho.   D-5 

October 3.   *95:- 

t    - 71.0 °F 

pf - iU-597 »•!» 

cv - 0.955 

C- 5-706    ltC      g 
sec ft 

ol 6.*.JO 
1 0.3127. 
2 .3066 
1 .331* * .3*92 

;.*o3o; 
6 .*505 
7 ...910 
0 .5127 
9 .5267 

in .5577 
11 •5175 
12 .6073 
13 .6212 '.* .6305 

.6057 
16 .02*3 
17 .6026 
1' (.5-777) ..." .1733 

212.36 
212.51 
212.07 
213.01 
213.15 
212.63 
212.06 
213.11 
212.'*7 
212.97 
212.06 
213.07 
713.06 

9*0 
636 
602 
355 

:•' 

323 
3*9 
310 
299 

3?5 
3*1 

212.00 59* 
(213.0*) 3296 

J35.2C 

995 
3*0 

06 

** 
36 

130 
19O 
992 

0.1G62 
.1950 
.2263 
.2567 
.27HB 
.2G60 
.29*5 
.3116 
.32*,' 
• 3389 
.3*6* 
.3513 
3372 

.3*72 

.33*0 
•3259 

2.21 c.5050 
2.1* •jt-*i 
1.93 .57=^ 
l .~l ."153 
1.68 .630* 
1.61 .6529 
1.60 .6618 
1.53 .6006 
l.*9 .6920 
l.*» • 707O 
l.H .71*0 
i.*o •11S2 . ** .70/;? 

i,*l .7155 
l.is .7039 
l.ka .6957 

0.322 0.762 
.312 l.*o *.5* 21.6 97-0 9.21 
.200 1.06 k.l,- 10.0 117 8.37 
.270 2.PO 3.31 13.5 11* 6.72 
.262 2.7* 2.^. 8.02 92.3 *.56 
-257 3.20 2-76 10.6 132 5.61 
.253 3.66 2.01 7.62 110 k.oB 
.2*7 *.31 1.99 7.33 128 k.O* 
.2*4 5.22 2.17 7.87 169 k.kl 
.239 6.C7 2.02 7.17 102 *.D 
.237 6.96 2-36 0.2B 2*3 k.79 
.235 7.05 2.21 7.70 257 k.k9 
.230 0.91 2.*1 0.53 *.90 
.236 9.7* 2.00 9.77 *0* 5.69 
.230 10.0 3.19 ii.3 511 ...*7 
.2*0 11.5 

V 
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TAELE 5   - CoutlnuW 

••it lot. 

So. 

r 
Oroa- 

hrf/ 

( M ) M T«_ 
-•-*   "o. foj 

(S«T) 1-cT;) 
P 

_..k 

tr - 71-5   F 

Pr - '».730 P«l» 

cw - 0.969 

.; . lk. -i . ILa 

ol lo.u03 110.Op 
1 0.7*15 

3 .7*30 on-.77 717.2 1201 O.I603 

5 
.jaoo 

(  .0220) 
213-31 
213.k7 

lk?7 

903 

3k6 

06 
.16911 
.1772 

6 .6577 213..03 1103 772 .101*6 
7 .8913 213.S3 736 *> .1919 n .9220 213.to 697 75 ,15*05 
9 ^9553 213.59 '•13 100 205*! 

10 0.9!ffl 213.05 tofl 130 .211*3 
11 1.051). 213-63 (00 »J .2259 
1? I.0O06 213.72 1*60 »7 .2321 
13 1.0963 113.60 1*50 27 •2353 
lit 1.1366 213.26 :>}<> 62 .2<*j6 
15 1.0947 213.75 toll 36 .23*7 
it'. 1.037k 213-73 I   i 7 .'i.0 . 2222 
17 l.C*Oi 212.09 3308 =85 .:*222 
HI (1-01.86) i-'12.65)  97kk 1067 .227V 
of ;.T7»» 132.00 

2.nil 0..3&5 
2.35 ..752 
c. t. ..- ;o 
2.22 .5030 

2.17 .5159 
7.17 • 5273 
:'.7.7 • 53-"v 
2.01 .5531. 
1.* .571k 
1.90 .5007 
1. CO .565!. 
Lift -5976 
1.09 .50*5 
1.96 .5051 
1.96 .565': 
1.96 .565k 

o.-ns a.if 
.001 3.95 0.61 y..9 201 6.72 
.057 5-55 6.13 31.0 201 k.7B 
.O36 7.08 6.16 30. >t 257 k.Ol 
.017 0.5'. 5.12 2k.6 25". k.K 
.001 9.90 1.71 22.1 276 3.67 
•70. 11.3 3.03 17.6 • 55 2.99 
• 767 13.» 3.93 17.6 3C3 3.07 
.7M 16.0 3-55 15. k 33! 2.77 
.736 10.7 3-17 13-5 3*3 2.1.7 
• 7?*? n.u 3.2,, 13.8 ko6 2-5k 
•'Ho 75.5 3.67 15.2 50C 2.06 
.720 27.7 1.7a ;u.o 7.7 3.60 
.7*0 30.9 12.» 5''.-' "•'-: 1---.13 
.7kk 33.7 21..90 IOC k096 19.k3 
.71: 35-6 

nnvenber   1*,   1^7 

U.5T1 106. f»l 

0.6273 
..-177 
.6523 212.36 035? BfO 0.161* 2.*3 vMo6 0.003 i.9u 
.CC50 2ia.fi* 1*30 327 .1693 •!.& ,k{*3 •77u i-'y 3.27 ':2 7 ijn.f 

(-723.) 212.93 Pi 3 DG .17^ 2.27 ,*s>^ .75^ *.07 5-30 26.9 17*.* 
.7bD0 u-Jj.ir ';•• ,\*j . i:"~£ 2.19 •c ''93 •-T2° 6..; 7 =   ir. 25 *• 21''. 
.77X7 ?i3.Z-? 697 1*5 .190* ?.in • ;i3* .723 7.57 i.ij »i.5 <HJ 
.7067 213.1* 63C .IOOFS 2.13 .52*0 • 710 S.&* *. C3 "1.2 739 
.229* 212.97 5 0 .,2 ..-OIO 2.07 .537^' .o-u 10.0 3.^7 :7.' 

',"1 21;... 7 •" •!.' •> .. U  i -.9' • 5-^ 3 . 2)9 11.7 3-T^ :>.', ;;j 

.9250 213-05 ^y -•9 .'. ? ' 1 1.92 .57*7 • O'- !':.. 3-19 13-9 . '0" 

C.0699 233.1* Uiii 32 . •.,   n 1.''. • -••>" ''•3 • »••-' '? 3L;. 
;. oc J . 212-05 \.v :. ...'>! 1.' 2 ..;_-,• )    Ji 2.;'. 1^..' "<• 

.. \-p; :?..io ..-•'-. :.:. ..:•-'"" 1. 7 .•••1; .'.. 1 ^..9 3.23 !?,* u'»9 
'.? 3* 213.17 '•' '•'.' 

',.'. ..'•.:". 1. 5 .59^ .61 J . 3.0 •" • 37 1:.; ic 
•OrJrl "15. :v \'sj 1.75 .-"•!••> 1.77 .5077 .63- "'.it £j.2g .'•J.7 U '3 
.'»£. 2i.".v'.~ 22.7 22" .' ""* "^ ' '.*~ .'•S7 29 •: !"! J ~2 ' 9? 1141 

;.v/>7) (212.1*) '. -.'.2 1*36 ."120 2.02 •5*yo .071 32.2 
• 5792 13C7* 

5..>1 
•k.10 

cl 
1 

k.539 
0.1792 

:3i.!" 

Jrcenbrr 1],   1952 L> .25ir 
.2I133 211.73 '."'..' 396 0.196* 2.13 0 5-_"j7 0.219 n.5ie 

.r . 79.0 c? u .2757 2U.:9 k75 it .2221 l.Oo .5656 .20* 0.011. 2.V 1^.' ;.'••' '.39 
5 (.2066) 211.76 336 56 .2307 1.91 .57«<; .200 1.29 £.*5 10.6 6". 7 7-11 

l^,=l|-r —•- .2^7k 212.19 32c 3;- .2392 i.;'o • 59U .196 1.66 7.17 9.22 78.1 6.32 
r..                **    1   «•- 

I .i.101 32'- 3*- .1^X7 i.'t" .6992 . 17'.* 1 .7'" -.15 31.6 6.2- 
c  - o.9*;« 2 .UrliO (SSiisi 25" 2fi • 3k07 l.»3 .7095 .1W V.V& :- IJ u.iy |o.. 5.63 
v n .11209 212.00 313 52 .3300 l.U .7070 .166 .:.*3 1.96 7.02 101 5-71 

3e>~   it 

10 , !,6. ,7 w'12.15 ->% 21 .3762 l..",2 .7k05 ^-. 2. "2 1   "'. 6.;o I.V: 5.26 
:.i .WC3 211.95 10 .3051 1. >o .7k76 .16c 3-*3 •• .ex; 6.7k 1M* 5.79 
'S: .k95C 212.00 306 2? .391^ 1.27 .7503 .150 i;. J2 2.15 7-17 I'll' ' •  21, 

13 .5Cli2 211-79 267 27 .k03k 1.25 .701* -157 k.6v 1.07 6.20 132 5.** 
Ik .1.965 211.77 2~7 51 .3969 1.27 .756U .159 '-.27 l.£fi 6.10 206 5. 'to 

15 .5009 212.11 259 33 .kOt'>k 1.2ft .76-36 -J.5O ).7': 1-79 5.90 .•..1 j.21 
16 .k9"l 212.15 203 33 .397k l.;7 • 75o9 .157 6.50 1.99 6.61 273 5.79 
17 M'i 212.06 290 3" .3795 1.32 .T1'2'. .159 7-73 2.01* 6.03 3'-2 5-9* 
r ( .k5^) '"12.0C.1 2n .3652 l.'o .731* .161 7-7* 
cf .1392 139.52 

;(UE ;io.   B-ii 

^•cenb-?r  1L',   1952 

tr-79.0°F 

l 0.2wC 
2 .253k 

3 .2ft2t; all.10 39; 1 619 C.1950 
h .2612 211.65 U2 77 .2C94 

5 (.3252) 211.27 356 •'•9 .2606 
• 3-T93 211.80 305 2" • 3110 

•t .kl09 212.00 299 37 .'2^0 
2 .k271 (211.09) ..60 2-,' .3kie 
9 .Vilil 211.70 ; c.n 11 .3552 

12 .k727 211.90 257 19 •3T77 
,1,03c 21l.rV, 276 2,' .3060 

12 .k5'.: 2ll .72 270 ii .3910 
13 .507! 211.67 -56 2I> .kok^ 
Ik .5.1."'" 212.00 207 39 .kr,»3 
15 .5136 -ll.o, 262 25 J.OAr 

16 .5020 211.71 266 32 .3909 
17 .kOok 211.79 205 •>? .30lk 

1° (.k655) (211.25) 22» 751 .)690 

of .213. lko.ik 

2.1k 0.5212 
2.LA .5'.55 
1.75 .6205 

1.53 .6005 

l.k7 .6o<'.2 

l.M .7105 

1.39 -T-.-V7 

10- .i^lC 

1.3c .7k03 

1.25 .7621 
1.2k .76k9 
1.2k 

1.26 .7501 

1.31 ,7kk6 

1.3k .73k6 

222 0.52k 

212 0.951 2-k5 11.70 50.6 7.08 

100 1.21 2.26 9.21 59-<-- 6.5k 

17r> 1.1*0 2.0. 7.O0 on.1* 5 .-^' 

17 i 1.79 1.9k 7.0k •73.7 5. of. 

169 2.10 1.19 :)... |V..' ,-L-J 

iC<& 2.1C 1.79 ...70 50,5 5^7 
-.--v --  tVi : ."0 :..] 1 1U.' r<. 17 
1A1 3.!*6 1.09 6..0 137 5.»5 
'CO k.07 1.7 S.30 100 T.'- 

150 k.66 1.79 «.9k 17k 5-:  . 
150 5.27 1.91 6.32 711 5-53 
1S7 5.00 1.C5 6.10 2L0 5.35 
150 6.55 1.0k 6.13 253 5-33 
160 7.27 2.01 6.77 307 5.2a 
lo2 i.r 

T1m0 
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<n*»t »   ; 

i-V    <:V rr   xr 

ltec«r*Vr i -,  1950 

:     - 76.OT 

p    - 1U.7H pain 

c„ - 0.955 

3 0.346. 212.03 \-0.-u r-y< 
U -336ft sir1.):. r.i1*) n 
5 (.1.263) 312.21 45C *> 
6 .465;', 212.36 39" 32 

r .406*' 212. U 3So 36 

.jma (212.56) 322 21. > .539-" ?<2.46 352 39 
10 .5677 212.53 204 17 
11 .5754 212.44 30i'. 30 
12 .6102 212.1*7 3*3 1*5 
13 .61C7 212.06 31k 23 

>t .6403 211.09 327 39 
15 .6442 212.55 311 22 
1.-' .6164 212.39 312 3) 
17 .6133 212.115 33.". 22 
18 (.6112) (212.49) 2911 •rw> 
c* .2679 133.10 

1.1935 
.215.'. 
•2375 
.2592 
.2763 
.20,32 
.3001 
3154 

.310b 
• 3305 
• 3429 
.3546 
• 3565 
.31*00 
.331ft 
• 3371 

2.15 0.513.' 
2.00 • '•551. 
1.137 .5." •', 
I."' ,6136 

1 .62 .6403 
1.62 .0545 

1.51' .663,1 

1.52 .6045 
\.50 .6CCT 
L.U .7071. 
1.12 .7116 

1.39 .7222 

).3' .723ft 

1.43 .7096 
1.44 .707,". 

1.44 .7061 

o.3i9 0.756 
.300 1.3". 3-76 16.9» 76.2 7.56 

.235 l.fifc 3.02 12.09 63.5 6.07 

.273 2.31 2.71 U.03 93.5 5.1.5 

.265 2-77 2.55 10.03 105 5.12 

.260 3-23 2..1 O.52 106 4.45 

255 3.69 -.33 (",.Cv 1-7 4.69 
.250 4-35 ?.rf 7.65 133 4.17 
,*C 5.32 2.0ft 7.63 163 4.1S 
.242 6.1* 2.27 P.oO 205 4.56 

.241 7.02 2.21 7.'JO 232 I.."* 

.230 7-93 2.23 7.77 09 4.4ft 

.237 0.R5 2.23 775 2Q9 4.49 

.Si 9-95 , .2." 7.77 321 4.42 

.241 10.9 2.':0 fl.76 397 4.93 

.«41 11.6 

^    '-'     >-'k "' o.On 

O.W30 
105.10 

Deccaber 22,   1952 2 .4597 

3 .4752 2 2.1C 5'.71 61ft 

<    - 67.5°F U .514" 21;.'.,"2 F*-" T: r •:• (.5463) 212.90 626 k, 

p    -  14.05* ^aia £ .5777 212.61. r3" ?'' r 
7 .6212 213.0ft 4ft.:' 37 

=„ " ".961 c .6420 (212.99) 400 20 
">i n. 417 ii". 

C - ".692     j- 10 •7iw 2.3.24 373 19 
Y'.)Q 212.ftft 364 27 

12 .7*373 212.95 39ft 33 
13 .792*2 212. *o 146 24 

14 .3.-53 213.10 367 35 
,.f. .0302 213.04 347 25 
16 .0230 212.34 369 32 

J7 .7935 312,87 437 33 
A 3 (-7732; Im* oh) 35'-"'T 75o 

.2-.2V, 

.236ft 

.2635 
•2773 
.2094 
.2932 
• 3030 
.?04C 
.lo.u. 
.2905 
.21)29 

2.30      0.1*064 

1.92 .5759 
1.27 .5276 
l.~0 .6064 

1.74 • ti.-n..' 

1.67 .6415 
1.62 • 6559 
1.60 .6603 
1.56 .6712 
1.56 •t>T>2 
1.57 •6699 
1.61 .6576 

1.65 .6404 

512 1.21 
4% r.ift 5.71 87.9 125.1 7.61 

469 3.o4 4.24 15.9 129.1 >.64 

450 3.<35 3.70 16.:. 142.3 4.92 

43:- 
::.:s 3.26 14.3 149.6 4.37 

430 5.35 2.77 11.O 147.3 3.69 
4)6 6.04 2.72 11.3 162.9 3-63 
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APPENDIX   B 

ANALYSIS   AND   SAMPLE   CALCULATION 

Analysis 

Consider the steady flow of air from a stagnation state through a 
supersonic nozzle and then through a round tube of constant cross-sectional 
area in which heat is added to the air stream.    The following assumptions 
are made in the analysis: 

1. The flow is one-dimensional, i.e. all fluid properties are uniform 
at any cross section. 

2. Air is a perfect gas with a constant value of the ratio of specific 
heats (k = 1.40) over the r?>nge of temperature under consideration. 

3. Heat added to the air stream is measured by the amount of 
condensate collected in the various compartments. 

The following relations hold at each secti.<~>n in the tuber 

Continuity: w = pVA (1) 

Equation of State: p = pRT (2) 

Energy: c  TQ, = c  T + V"/2g (3) 

Definition: M2       = V2/gkHT (4) 

The discharge coefficient of the supersonic nozzle is defined by 

c - (w/A*)/(w/A*) (5) w s 

For isentropic flow to the nozzle throat 

G* Mw/A*)   =   /V~—   r* s    y R      c     i (6) 
T      Ol 

p^Poi= (^P> (7) 

For a control volume which encloses the fluid between t'r>e upstream 
stagnation state and the section at the center of the measuring compartment 
of station j,  the energy equation beconr.es for test combination  C: 

•Vf If! 

"    "*?SS'"•'''"' *•    ' 
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i=j-l 
q./2 +     ^~"     q    = c   (T      - T    ). (8a) 

n = () 

For test combination   D  the energy equation is: 

q./2  + n^=^     q     = c   (T   .  - T   .). (8b) 
J * !   .,  n        P     oj oi 

Combining Equations (1) through (7), 

k + 1 

np— 2<k " f) 

1      p     A    /    oi      .    2    . 1 ,.  . _, , . 

c- ,. ^\\T- 
= trV        —r*   k-i..2t= 'i(M'k)-       o) 

w    oi f      oj Hi^l 1   +    —-• M 

The right-hand side of F.quaiion v9) is a unique function of the Much number 
if  k   is constant.   This function is tabulated under the heading  pA/pQA*  in 
Table 30 of reference (10).   The symbol  p    of reference (10) is identical o 
with  p      used here, 

oi 

All the quantities on the left-hand side of Equation (0) are measured 
except cw  and T   -.    Equation (8) permits the calculation of TQ-   from 
measured data.   The plot of r      versus (Re* )   ,   given in reference (5), W D   ri 
where 

(Re* )    = G* D*/>* (10) D s s 

was used.   Note that G*  can be found from Equations (6) and (8) from measured 

data and that /u* can be found from the temperature, 

T*   - 0.83333T   . = 0.83333(t      •+ 459.69). (11) 
oi oi 

With the Mach number known, the mean-stream temperature can be 
found from 

T      /T        =:   1/(1   4-   LzJL   M") (12) 
m'    o j 2 

which is tabulated in Table 30 of reference (10) as T/T  .    The following 
equations were used to complete the calculations: 

. ...... 

 ——T—' 
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= c   G'   A ' /A (i3) 
w   s 

- GD/M (14) D m ' 

Re, 5 GL/M      = Rcr(L/D) (1 
Li m D 

5} 

~    ,,/»HT T      ) (16) 
aw 

Nii i hD/A. (17) D m 

Nu, = hL/A      = Nu   (L/D) (18) 
L m D 

! s+ .. h..',. St = h/c  G (19) 
P 

In order to calculate the local heat-transfer coefficient from Equation 
(16V It is necessary to calculate the adiaby.tic~wail temperature  T Fcr 

aw 
I this calculation T        was found from 
| 3 \XJ 

T        - T 
r  ,  -f   ^ • (20) 

OJ TV 

In order to calculate the local heat-transfer coefficients from Equa- 
tion (16), the adiabatie-wali temperature can be calculated from the recovery 
factors for adiabatic tube flow given in reference (5).   Since the original 
data on which these recovery factors arc based were also available in the 
form of the ratio of adiabati^-wall temperature to stagnation temperature, 
these original data for a laminar boundary layer were plotted and then 
averaged.   An average value of C'aw/T0,) of 0.9'i0 was used in this paper 
in order tc reduce the time required for these computations. 

Sample Calculation 

A sample calculation of Run No. B-7 is given in Table 6.   The calcu- 
lations and equation numbers given in the headings refer to the preceding 
analysis.    The values given in Tables 5 and 6 are based on calculations made 
with five ^r six significant figures throughout. 

••-:,. 



25 

lO    CM   CM  CM   OJ  C\J  v |r-   HHH. 

tvj to ,-i c r- c> t-   •«- r-^t \y  v <on 
t— t-oi ovo o\ o t— -s ir-.o >o *H _* 

r   (."i v» >  i  f"iw   i- CM  np 
.    _   _>-* u-s OJ ir\ co-* CM CM CM 

i - < r-i . i -i . t ?u OJ ol '. J OJ "i "i i\i oJ OJ 

<-t H r-co VC ir\CO .H covp CO t— H vp 

CM OJ CM CM  OJ cu CO CO CO-?  IT\ t- COCO 

rf-     .? 
~"t -=?• i/M/^O MD t— t~-<U O ON O CO r- 
t— c— r~ t— i— t-- h- t— r-- r~ r f> co to 
\r* ir\ ir\ "-  -r\ \:~, w% u\ us i/\ u"\ W\ ir\ ir\ 2U" 

Ov O -* VO <-l vo ^O .-+ ir\CO W 

4H04«! 
J- CO CO OJ OJ 

> vo O 
» \oo> 
i m o 

S 
# "• ~) \0 cr»-rt- orincin co-* OJ -* 

• T3 

SI.. 

S 
^^.^OQrlHHWro CO-* -4" irvco OJ 
co ro ro-3- -^ -a- —J ..j _e- ,* _J^- _d- _* _*- -rt- ir\ 
i/\ u\ ir\ ir\ ir\ u\ w-\ u\ir\ LTN ir\ u~\ ir\ u\ U\ L-V 

O r-_* CNtM GM>-vo 

inn t—vu t~-.-i u'\t-"OD J-/C O co 4 H 
HO lAnHOCOvc JflOJ H OJ -*• 3- -* 
ONCO co to co a t-- r-F-t—r—t—t—r—t—t— 

S 

v. 
f 

! 

si 
1 .J <• .> O t— C\ CO UN CM H Is- C' <"*•• ^',- 

ITS-if   ir\p<.J   H^rHCl   L"\ l.-M    • V.}   O 
. ,- . CM  OJ  ?j Hrin ri '•'  IM  OJ ro O 

f— ;- 

, 1 -•( 

V COCO CO CO CO CO CO CO CO ro CO r 1 (• •> CM CM .'J 
HrMrMHHH HHHriHHHrlfO 
CM 01 OJ OJ  OJ OJ OJ OJ OJ OJ CVJ  I\J tM I'J  Ol -.vj H 

o ,<• OJ t— -H OJ ir\ r- ^-H o vo vo _3 r- O CM -i 
_-t cJ oj ir\ o> OJ ir\ ov ir\c^ cj» co o\r>>.3- _-t h- 
;     [   CO O O C\ C\ ov O O »-i ^H O O O O ^ 

i -^  r|MI cC C— t—VQ *o cr\_it  i.j .-i  0v   •  [- IJ x_J  i  I 
-»• ^ ..^.-t.^* jf _sr-J _cj _J _j _•  fo ro nn". r^ O 

C> '-* i ' _-"vo WOOJJr-H IJ> g^.nNH i.-.. > 
i' 

I C 

^± CO CWD 0Jt—OJO\r-0J-4   Q_i"VOCOO\ 
>-< CJ c: ro_* ^- VN <r^*r r— t—co r-vo vo vo 
OJ CJ  CM OJ  OJ CJ  OJ OJ OJ CM  OJ 0.' OJ CJ CM OJ 

CD ^t -Z  tvi u\uU 
c— O OJ .* vr\ f- c 
vo r- r- h- r— f- t ?cn CO CO CO Q? CO CO 

> VO  lAfOW 

.-I  CM   rH  O\vo CO O   C*v f?v ITVOt  LT\CO CO   O  0.' 
vo t- cj cj o\ o r< H euro co-* co OJ co co 
CM CM CM O) ojcocooTcocococococomco 

u\ OJ co o O. co Ov-* _* r—-a- vu irvt— vO«* 
^ ) UWjtt't J \ i-CC ;•". ri O IPi C—-1* ITVUMTN 
ITV t—C 1 O r-i ^« I-", „-, C-CJ CJ UNCJ VO vo vo 
-J- J- ~"t  IfN i/~. IT-. LT\ LT\ l/\ IT\ LT\ L'N IAUMA LTv 

I HHH   O 

' 



26 

i 

i 
i 

5_ 
OJJ    " 
(Ti- 
ll. </> (ft S) 

-&- 

ct 

,i p 

6 •H8H- 

\   i!P 

\ 
Ct id   .   w -^  , 
QLCL    I   <->-» * 

—^ n—i 
& 

MgKl 

< 
i 
ct 
L a 

JftxJ- 

L 

< 
UJ 
I 
or u 
Q. 

v-f 

9 

FL 

& 

Y' 

2 
>u; 
cci- 
g£ 

cog 
z 

z 
o      < 

o*  °< 
<z 

/ Jtt 

UJ 
UJ <? 

CC   5C 2 *" 

Z   Ld  <  10 

u o Q a 

;LO 

/'.do 
0 

:*4 

_rr _-JI 

z 
o 

"•-LUIO 
f-cn 

ia 
KTCT 

i t-i  i 
"-4 I 

\ 

xt 

OUJ ,„ 

a z-i 
>- OO 
r- O O 

C£ o 

(\ 
§. 

Olt-' 

*^g>- 

£^ 
A/VW1 

I 

/ V 

i-rxH 

'      UJ 
£T 
Z) 

z< 

Od < 
OI-C0 

-®H8 L|_ 

rrtn—' 
ce 

(-CO- 

g[]~- 

>-o 

r^) 

cc — 
o 

-E3 

J- 

^H^- 

o 

T O -&> 1 

a- 
u 

3 
X 
Id 
a 

h-CO- C\H 

a: 
UJ 

x 
i/> 
o 

p 

% .-^A A A Ail 
V  V  V  1! 

—Oy- 

Q 

Q 

< 
O 

a> 
2: 
o 

2: 

CD 

O 
o 
h- 
cn 
LlJ 

O 
>- 
< 

LJJ 

X 
c •> 
&) 

yftl 
If 

3-*x 
CL < 
it 

u 



27 

• 

2 
o 

-s8 
PS 

U 

2* 
C) 

no 
•5- 
o 
o 

Q 

m • - - 



28 

0.3V 

FCELSCH SHAPIRO 

_l_ 
0 u.s l.O" 1.5 ?.5" 

COMPARISON   OF   SUPERSONIC   NOZZLES 
FIG, ? 

TEST   COMPINATION  C, BEFORE   ASSEMBLY 

FIG.  4 
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